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ABSTRACT 

Data from the  f i r s t  phase o f  an exper imenta l  program t o  c h a r a c t e r i z e  
the  exhaust p r o p e r t i e s  o f  a l i q u i d  b i p r o p e l l a n t  engine under vacuum c o n d i t i o n s  
a r e  presented and discussed. Emphasis i s  p laced on measurements o f  t h e  mass 
f l u x  i n  the plume backf low r e g i o n  o f  a 5 l b f  b i p r o p e l l a n t  t h r u s t e r  a t  angles 
up t o  150' w i t h  respect  t o  t h e  plume c e n t e r l i n e  u s i n g  temperature compensated 
q u a r t z  c r y s t a l  microbalances (QCMS). The measurements were conducted i n  a 
h i g h  vacuum cryogen ic  chamber a t  AEDC. The a d d i t i o n  o f  new GHe and LHe cryo-  
panels p rov ided a b l a n k - o f f  pressu e i n  t h e  10-7 t o r r  range and mainta ined 
the  background pressure i n  the  lo- '  t o r r  range whi le pulse f i r i n g  the m o t o r  
(25-100 msec p u l s e  w i d t h ,  1-10% duty  c y c l e ) .  Chamber recovery t ime was a 
few t e n t h s  o f  a second. 

I 

Several engine c o n f i g u r a t i o n s  were t e s t e d  a t  d i f f e r e n t  o p e r a t i n g  
c o n d i t i o n s  so as t o  c h a r a c t e r i z e  exhaust p r o p e r t i e s  and t o  i n v e s t i g a t e  
p o t e n t  i a 1 con tami na t i on e f f e c t s  . 
45' sp lash p l a t e ;  combustion chamber--2 inch  c y l i n d r i c a l ,  1 .5 inch  
c y l i n d r i c a l ,  and 2 i n c h  c o n i c a l ;  nozz le  area r a t i o - - 5 0 : 1  and 1 O O : l ;  O/F-- 
1.4, 1.6, and 1.8; chamber pressure--75, 100, and 125 p s i a ;  p u l s e  d u t y  
c y c l e - - l % ,  5%, lo%, and cont inuous.  

Va r i  a t  i ons i nc 1 uded : i n j e c  tor- -Oo and 

QCM da ta  f o r  the  plume mass f l u x  a t  25' t o  150' f rom the  plume 
c e n t e r l i n e  a r e  presented. Comparisons w i t h  plume models demonstrate t h e  
importance o f  t r e a t i n g  t h e  n o z z l e  boundary l a y e r  expansion i n t o  t h e  plume 
b a c k f l w  reg ion.  These da ta  a r e  t h e  o n l y  known data  d e s c r i b i n g  the  boundary 
l a y e r  expansion o f  a h o t  r o c k e t  engine exhaust i n t o  a hard vacuum representa-  
t i v e  o f  space c o n d i t i o n s .  I n  a d d i t i o n  t o  t h e  QCMs, o t h e r  d i a g n o s t i c  measure- 
ments were made to c h a r a c t e r i z e  t h e  exhaust p r o p e r t i e s  d u r i n g  t h e  f i r s t  phase 
of t h i s  exper imenta l  study. Some o f  these r e s u l t s  a r e  presented i n  a companion 
paper. Dur ing  the  second phase o f  t e s t i n g  e l e c t r o n  beam f luorescence,  mass 
spec t romet r ic ,  a d d i t i o n a l  QCM and s c a t t e r i n g  measurements w i l l  be performed. 

I 

'This work was i n i t i a t e d  by t h e  AFRPL/PACP and j o i n t l y  sponsored by the  
AFRPL/PACP and AEDC/DOTR. 
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1.0 I NTRODUCT I ON 

i n t e r f e r r i n g  m 

and subsequent 

such as therma 

and especi a 1 1 y cooled i n f r a r e d  sensors, can 

and lead t o  a reduct ion i n  spacecraf t  l i f e t  

o f  thermal con t ro l  surfaces w i t h  low absorpt  

The p o t e n t i a l  contaminat ion o f  spacecraf t  surfaces and components by 

exhaust products from space th rus ters ,  whether s o l i d ,  l i q u i d  o r  e l e c t r i c ,  

has received increased a t t e n t i o n  from the spacecraf t  design community i n  

recent  years . This concern i s  a t t r i b u t e d  t o  the  development o f  more 

soph is t i ca ted  spacecraf t  systems designed t o  perform m u l t i p l e ,  non- 

1-6 

ssions f o r  longer per iods o f  t ime i n  space. Contamination 

degradat ion o f  sens i t i ve  spacecraf t  surfaces and components, 

c o n t r o l  coatings, so la r  c e l l s ,  antennas, o p t i c a l  devices, 

compromise miss ion ob jec t i ves  

me. For example, contaminat ion 

v i t y - t o - e m i s s i v i t y  p roper t ies ,  

requ i red  f o r  passive c o n t r o l  o f  spacecraf t  temperatures, can cause an 

increase i n  spacecraf t  temperature, thus a f f e c t i n g  the spacecraf t  mission 

and/or 1 i fe t ime.  

In  o rder  t o  p r e d i c t  the e f f e c t s  o f  rocket exhaust plumes from l i q u i d  

b i p r o p e l l a n t  and monopropellant engines on spacecraf t  surfaces of i n t e r e s t ,  

a computer code (CONTAM)7 was developed by McDonnell Douglas Corporat ion 

f o r  the  A i r  Force Rocket Propuls ion Laboratory (AFRPL). 

conducted a p a r t i a l  v e r i f i c a t i o n  o f  t h i s  code against  monopropellant hydrazine 

data ” lo c o l l e c t e d  a t  the Je t  Propuls ion Laboratory (JPL). 

i d e n t i f i e d  ser ious de f i c ienc ies  i n  the code’s treatment o f  the  nozzle and 

plume expansion, p a r t i c u l a r l y  a t  l a rge  angles from the  plume cen te r l i ne .  An 

a d d i t i o n a l  de f i c iency  i n  the CONTAM code, which has long been recognized, i s  

the absence o f  a nozzle boundary layer  treatment and subsequent boundary layer  

8 Davis and Wax 

The i r  s tud ies  
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expansion i n t o  the plume backflow region (i.e., expansion angles grea ter  

than 90 degrees). 

t o  the successful p r e d i c t i o n  o f  plume contamination e f f e c t s  s ince  most 

spacecraft surfaces are located i n  the plume backflow region. Consequently, 

the AFRPL has i n i t i a t e d  s tud ies t o  improve the CONTAM code by c o r r e c t i n g  

these de f ic ienc ies .  

hydrazine th rus te r ,  along w i t h  co ld  flow and condensation data f o r  pure 

Proper treatment of boundary layer  processes i s  c r i t i c a l  

An extens ive plume data base for a monopropellant 

and mixed gas expansions ’*’ 13, has been obta ined a t  the  AEDC” and JPL 9 , 

The purpose of the  present program i s  t o  prov ide a q u a n t i t a t i v e  data base 

f o r  a representat ive b i p r o p e l l a n t  engine f o r  f u r t h e r  v e r i f i c a t i o n  o f  the  

i mp roved code. 

Prior to t h i s  exper imental  study very l i t t l e  b i p r o p e l l a n t  plume 

data ex i s ted  , and most o f  these data were q u a l i t a t i v e .  As a r e s u l t  o f  

the development o f  improved i n  s i t u  measurement techniques 1 6 *  ’ 7 9  as w e l l  

as a h igh  performance 5 l b  b i p r o p e l l a n t  engine” small enough t o  t e s t  i n  

a vacuum chamber under space s imu la t i on  condi t ions,  the  sub jec t  measurements 

program was i n i t i a t e d  a t  the A i r  Force Arnold Engineering Development Center 

(AEDC). The 5 l b f  t h r u s t e r  was f i r e d  i n  a space s imu la t ion  chamber which had 

been s u i t a b l y  modif ied t o  prov ide the  necessary cryogenic pumping c a p a b i l i t y ,  

and var ious i n  s i t u  measurements were performed. 

the  r e s u l t s  from the f i r s t  phase o f  t h i s  experimental program. 

The bas ic  ob jec t i ves  o f  the program can be summarized as fo l lows:  

( 1 )  demonstrate a cryogenic pumping capabi 1 i t y  s u f f i c i e n t  t o  

b ip ro-  

14 

f 

1 

Here, we are repo r t i ng  

permi t  mass f l u x  measurements i n  the backflcw reg ion o f  a 5 l b  

pe l  l a n t  engine; 

f 

684 



(2) measure the mass f lux d i s t r i b u t i o n  i n  the b ip rope l l an t  

plume over a wide range o f  angles w i t h  respect t o  the nozz le a x i s  f o r  

CONTAM code v e r i f i c a t i o n ;  vary  the engine con f igu ra t i on  and opera t ing  

condi t ions t o  determine any s i g n i f i c a n t  dependence on these parameters; 

( 3 )  f u l l y  charac ter ize  the engine by i d e n t i f y i n g  a l l  products 

(gaseous species, d rop le ts ,  o r  p a r t i c l e s )  i n  the plume and by measure- 

ment o f  nozz le e x i t  plane concentrat ion and temperature p r o f i  les. 

Th is  paper provides an overview o f  the e n t i r e  program and a d e t a i l e d  

examination o f  the  mass f l u x  measurements. It includes discussions on 

the cryogenic chamber, d iagnos t ic  techniques, quar tz  c r y s t a l  micro- 

ba 1 ance ” lo’ l8 (QCM) design and operation, and r e s u l t s  o f  t he  mass f l u x  

measurements. Time and space 1 im i ta t i ons  preclude a comprehensive d i s -  

cussion o f  a l l  the  resu l t s ,  although a companion paper” presents pre- 

l i m i n a r y  r e s u l t s  o f  t he  condensed phase I R  transmission measurements. 

A techn ica l  repo r t  descr ib ing  the  p r o j e c t  i n  more d e t a i l  w i l l  be publ ished 

by AEDC i n  l a t e  1978. 
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2.0 O V E R V I E W  OF THE EXPERIMENT 

2.1 Cryogenic Chamber 

The space s i m u l a t i o n  f a c i l i t y  (F ig .  1) used f o r  t h i s  s tudy i s  a 

convent iona l  c y l i n d r i c a l  chamber 10 f t  i n  diameter and 20 f t  long.  I t  

i s  f u l l y  l i n e d  w i t h  l i q u i d  n i t r o g e n  (8OOK) and r e f r i g e r a t e d  gaseous 

he l ium (20°K) c ryogen ic  panels.  A d d i t i o n a l  l i q u i d  he l ium cryopumps 

were i n s t a l l e d  bo th  downstream and fo rward  o f  the engine t o  pump H2, 

a major c o n s t i t u e n t  i n  the  b i p r o p e l l a n t  exhaust plume. 

The requirements which determine chamber performance c r i t e r i a  and 

des ign goa ls  i n  a plume measurernentsprogram o f  t h i s  n a t u r e  a r e  f r e q u e n t l y  

obvious b u t  a l s o  d i f f i c u l t  t o  q u a n t i f y .  Keep i n  mind t h e  o b j e c t i v e  was t o  

measure the  mass flux d i s t r i b u t i o n  f rom the rocket  engine and i n  t h i s  case 

t o  measure mass f l u x  l e v e l s  i n  t h e  plume b a c k f l w  r e g i o n  which a r e  a t  

l e a s t  s i x  o rders  o f  magnitude lower (unknown a t  t h e  o u t s e t )  than i n  the 

forward f l o w  d i  r e c t  ion.  C l e a r l y  the chamber background pressure  must be 

k e p t  s u f f i c i e n t l y  l o w  t h a t  the  plume shape i s  not s i g n i f i c a n t l y  d i f f e r e n t  

than i n  an o p e r a t i o n a l  space environment.  A c a r e f u l  f l o w  f i e l d  a n a l y s i s  

i s  r e q u i r e d  t o  t r a n s l a t e  t h i s  statement i n t o  design c r i t e r i a ,  y e t  no  

v e r i f i e d  f l o w  f i e l d  model e x i s t s  f o r  t h e  back f low reg ion .  A second 

requirement which i s  more e a s i l y  conver ted i n t o  a design goal  i s  s imp ly  

a mean f r e e  pa th  long enough t o  p e r m i t  molecules t o  t r a v e l  t h e  d i s t a n c e  

from t h e  nozz le  t o  t h e  QCMs w i t h  no i n t e r m o l e c u l a r  c o l l i s i o n s .  Mean 

f r e e  p a t h  c a l c u l a t i o n s  i n d i c a t e d  a background pressure on t h e  o r d e r  o f  

t o r r  o r  lower was needed. Hence the design goal  adopted here was a 

chamber pressure o f  1 x 

t h r u s t e r  f o r  a p e r i o d  o f  1 sec. 

t o r r  under cont inuous f i r i n g  o f  t h e  5 l b f  I 
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The data presented here g ives  c l e a r  evidence t h a t  the chamber 

performed adequately f o r  t h e  backf low measurements. T y p i c a l l y  d u r i n g  

the  engine f i r i n g  t h e  pressure i n  the backf low region,  as measured by an 

i o n  gauge p o i n t e d  toward t h e  plume, was 3 x t o r r .  Between f i r i n g s  

the chamber recovered q u i c k l y  ( i n  less  than 0.1 sec) t o  a p ressure  o f  

4-8 x t o r r ,  To f u r t h e r  v e r i f y  t h a t  the  chamber background pressure 

had no measurable sys temat ic  e f f e c t  on t h e  QCM data,  h e l i u m  was added t o  

r a i s e  t h e  chamber pressure t o  t o r r  where the e f f e c t  on t h e  QCM 

measurements was apparent.  The d e t a i  1s of  t h i s  exper iment a r e  presented 

l a t e r  w i t h  the  QCM r e s u l t s .  

One a d d i t i o n a l  f e a t u r e  o f  the  f a c i l i t y  deserv ing  ment ion i s  the 

antechamber (F ig .  1 ) .  I t  p e r m i t t e d  the t h r u s t e r  t o  be withdrawn f o r  

changes i n  t h e  c o n f i g u r a t i o n  o r  maintenance w i t h o u t  c y c l i n g  the  main 

chamber. Th is  was a v e r y  p r a c t i c a l  c a p a b i l i t y  s i n c e  c y c l i n g  the  chamber 

r e q u i r e d  a t  l e a s t  24 hours. 

For a d d i t i o n a l  d e t a i l s  on t h e  chamber and i t s  c ryogen ic  pumping 

20 
c a p a b i l i t i e s ,  r e f e r  t o  t h e  AEDC F a c i l i t y  Handbook . 
2.2 B i p r o p e l l a n t  Engine (5  l b  ) f 

As mentioned e a r l i e r  t h e  t h r u s t e r  chosen f o r  t h i s  s tudy was a 

5 l b f  b i p r o p e l l a n t  (MMH/N204) engine developed by A e r o j e t  L i q u i d  

Rocket Company under an AFRPL c o n t r a c t 1 5  i n  1973; s p e c i f i c a t i o n s  

a r e  p r o v i d e d  i n  Table 1. The t h r u s t e r  was i n s t a l l e d ,  f r e e  t o  r a d i a t e ,  

i n  one end o f  t h e  vacuum chamber as s h a m  i n  Figs. 1 and 2. I t  was 

mounted on a t r a v e r s i n g  mechanism w i t h  f l e x i b l e  p r o p e l l a n t  l i n e s  

p e r m i t t i n g  a x i a l  t r a n s l a t i o n  a long t h e  chamber c e n t e r l i n e  and w i t h -  

drawal i n t o  the antechamber. E f f o r t  was made, i n  des ign ing  the  mount ing 

arrangement, t o  min imize the  o b s t r u c t i o n  i n  t h e  plume back f low r e g i o n  

f o r  the  QCM measurements a t  l a r g e  angles f rom the nozz le  a x i s .  

21 
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TABLE 1 

B I PROPELLANT ENG I NE SPEC I F K A T 1  ONS 

T h r u s t  (Vacuum), Ibf 

Propellants, OIF 

M i x t u r e  Ratio, O F  

Chamber Length, in. 

Chamber Pressure, psia 

Area Throat, in.2 

Nozzle Area Ratio, A,lAt 

I njector 

Propellant Flow Rate, lblsec 

I n l e t  Pressure Oxidizer, psia 

Dribble Volume, in.3 

Nozz I elC h a  m ber Mater ia I 

App I i ca t i o n  

I I n l e t  P ressu re  Fuel, psia 

5 ma& 

N2 Oql MM H 

1.4-1.8 

1.5-2.0 

75 -150 

0.0286 

5 0 a n d  100, Contoured 

6-Element Splash Plate 

0.0167 (,Nom i na I ) 
100-300 

100-300 

0.0006 

Silicide-Coated, Columbium Alloy 

Space PropulsionlRCS 
BuriedlFree to  Radiate 

639 
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A v a r i e t y  o f  f i v e  t h r u s t e r  c o n f i g u r a t i o n s ,  l i s t e d  i n  Table 2, were 

tes ted .  The f i v e  c o n f i g u r a t i o n s  were assembled f r o m  two i n j e c t o r s  and 

f o u r  in terchangeable combustion chamber/nozzle combinat ions.  

2.3 Test R a t i o n a l e  

A l though t h i s  p r o j e c t  f a l l s  l o o s e l y  i n t o  t h e  area of plume contaminat ion,  

we a r e  n o t  d e a l i n g  w i t h  contaminants as de f ined i n  t h e  usual  l i t e r a l  sense. 

The o b j e c t i v e  was t o  measure t h e  mass f l u x  d i s t r i b u t i o n  i n  t h e  b i p r o p e l l a n t  

exhaust plume over  a wide range o f  angles and engine o p e r a t i n g  c o n d i t i o n s .  

Therefore i t  must remain c l e a r  throughout t h i s  paper t h a t  we a r e  concerned 

w i t h  mass f l u x  measurements even i f  we l o o s e l y  r e f e r  t o  the  mass f l u x  i n  t h e  

plume backf low r e g i o n  as contaminat ion.  

The QCMs used t o  measure t h e  mass f l u x  d i s t r i b u t i o n  had t o  opera te  a t  a 

v e r y  low temperature i n  o r d e r  t o  c o l l e c t  (cryopump) as many b i p r o p e l  l a n t  

plume c o n s t i t u e n t s  as poss ib le .  By o p e r a t i n g  the  QCMs a t  25OK, based on 

known e q u i l i b r i u m  vapor pressure curves 
22 , we c o u l d  expect  to cryopump 

a l l  b i p r o p e l l a n t  exhaust species except H2. 

a t  v a r i o u s  QCM o p e r a t i n g  temperatures w i  1 1  be discussed l a t e r  w i t h  t h e  

The species a c t u a l l y  c o l l e c t e d  

resu 1 t s .  
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TABLE 2 

ENGINE CONFIGURATIONS 

Comb ust i  on Nozzle I njector 
Con fig. Chamber Area Splash Fir ing 
Code Length& hape Ratio, AeIAt Plate Dates 

C 2 inchlcyl. 50 45 deg Oct 5 

A 1.5 i nchlcyl. 50 0 deg Oct 17-19 

BL 2 inchlcyl. 100 45 deg NOV 8-11 

B 1.5 i nchlcy 1. 50 45 deg NOV 21 -23 

D 2 i nchlconica I 50 45 deg Dec 6 

692 



Another important aspect o f  the approach was a d e l i b e r a t e  e f f o r t  t o  

take advantage o f  a1 1 avai  l ab le  non- in ter ference type 1 1 ’  16 ’  l7 diagnost ic  

methods r a t h e r  than r e l y i n g  s o l e l y  on one t o o l  such as the QCM which 

would compromise the  e n t i  r e  program i f  any problems were encountered. 

Each d iagnos t i c  technique was se lected f o r  a s p e c i f i c  purpose and a l so  

t o  complement the  o the r  techniques. The bes t  example o f  the l a t t e r  i s  

the manner i n  which the  QCM, the condensed phase IR t ransmission, and 

the  l ase r  i n te r fe rence  techniques combined t o  p rov ide  in fo rmat ion  which 

none i n  and by i t s e l f  could produce. The two-angle l ase r  i n te r fe rence  

technique measured the  thickness o f  a t h i n  f i l m  o f  condensed exhaust 

products pumped onto a c ryogen ica l l y  cooled o p t i c a l  subs t ra te  (shown i n  

Fig.  3 ) .  When the thickness i s  combined w i t h  the mass o f  the cryodeposi t 

measured by a QCM a t  the same temperature as the o p t i c a l  subst rate,  the  

cryodeposi t  dens i ty  i s  obtained; t h i s  i s  a use fu l  p iece  o f  in fo rmat ion  f o r  

i d e n t i f y i n g  the  cons t i tuents  i n  the deposi t .  The condensed phase IR 

t r a n s m i s ~ i o n ~ ~  coupled w i t h  the l ase r  th ickness measurement y i e l d e d  the  

o p t i c a l  p roper t i es  (n, index o f  r e f r a c t i o n  and k ,  absorpt ion index) 

o f  the deposi t .  F i n a l l y ,  the IR t ransmission spectra pe rm i t ted  i d e n t i f i -  

ca t i on  o f  a l l  I R  a c t i v e  species c o l l e c t e d  by the  QCMs a t  a given temperature 

and helped t o  e s t a b l i s h  the QCM opera t ing  temperatures requ i red  t o  se lec-  

t i v e l y  c o l l e c t  the plume cons t i tuents .  Together the  th ree  techniques 

prov ided s i g n i f i c a n t l y  more in fo rmat ion  than the th ree  working independently. 

2.4 

16 

Meas u remen t s 

The program was d i v ided  i n t o  two phases. Phase I was completed recen t l y  

and i s  the subject  o f  t h i s  paper; i t  addressed ob jec t i ves  1 and 2 l i s t e d  

e a r l i e r .  
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U n t i  1 the t h r u s t e r  f i r i n g s  began, t h e  a c t u a l  chamber performance, 

e s p e c i a l l y  i n  the plume back f low reg ion ,  was s t i l l  unknown, making i t  

necessary t o  devote some o f  the Phase I measurements t o  assess ing chamber 

performance. As shown i n  F igs,  2 and 3 i o n  gauges were d i s t r i b u t e d  

throughout  the  backf low reg ion  f o r  t h i s  purpose. The gauge l o c a t e d  a t  

the  l e f t  s i d e  o f  F ig.  3 was at tached t o  a mechanical vacuum feed- through 

which a l lowed i t  t o  be r o t a t e d  o r  t r a n s l a t e d  p a r a l l e l  t o  the  plume a x i s .  

I n  a d d i t i o n ,  a mass spectrometer was used t o  sample and analyze the  

r e s i d u a l  gases i n  the  backf low region.  

Phase I plume d i a g n o s t i c  i n s t r u m e n t a t i o n  inc luded:  

a. e leven tempera t u  re-compensated q u a r t z  c r y s  t a  1 m i  c roba 1 ances 

l o c a t e d  a t  angles of 25 t o  150 degrees from the  plume c e n t e r l i n e  t o  measure 

the mass f l u x  d i s t r i b u t i o n ;  see Figs. 1 - 5. 

b. I R  t ransmiss ion  of condensed exhaust products  c o l l e c t e d  on 

a cooled o p t i c a l  s u b s t r a t e  (germanium) t o  p r o v i d e  i n  s i t u  i d e n t i f i c a t i o n  

o f  species deposi ted on t h e  QCMs and t o  determine t h e  o p t i c a l  p r o p e r t i e s  

(n, k) o f  t h e  condensed exhaust gases. The germanium s u b s t r a t e  f o r  t h e  

I R  t ransmiss ion  measurement i s  shown near t h e  center  o f  F i g .  3. The QCM 

found d i r e c t l y  below t h e  s u b s t r a t e  was kept  a t  t h e  same temperature and 

used i n  c o n j u n c t i o n  w i t h  t h e  I R  and l a s e r  i n t e r f e r e n c e   measurement^^^ i n  

the fash ion  descr ibed e a r l i e r  t o  o b t a i n  the d e p o s i t  d e n s i t y  and the  optimum 

QCM o p e r a t i n g  temperatures.  

16 

c. two-angle l a s e r  i n t e r f e r e n c e  t o  measure t h e  th ickness  and 

the  index  o f  r e f r a c t i o n  a t  0.6328 micron of  t h e  condensed exhaust gases. 

The l a s e r  beams were i n c i d e n t  on the c e n t e r  of t h e  same o p t i c a l  s u b s t r a t e  

used f o r  the  I R  t ransmiss ion  measurement and thus prov ided p r o p e r t i e s  f o r  

t h e  same deposi t. 
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d. e l e c t r o n  beam f luorescence for  f l c w f i e l d  v i s u a l i z a t i o n .  

The e l e c t r o n  beam sQurce i s  covered b u t  v i s i b l e  i n  the  extreme lower 

l e f t  corner  o f  F ig .  3 ,  

e. photography t o  d e t e c t  s i z e a b l e  d r o p l e t s  i n  the  plume o r  a 

p r o p e l l a n t  f i l m  l a y e r  i n s i d e  t h e  nozz le .  

f. ATR c r y s t a l s  and w i tness  p l a t e s  t o  c o l l e c t  hard  contaminants 

f o r  res idue a n a l y s i s .  An ATR c r y s t a l  i s  loca ted  d i r e c t l y  beneath t h e  

t h r u s t e r  i n  F i g .  2. A v a r i e t y  of f o u r  w i tness  p l a t e  c o l l e c t o r s  a r e  

shown ad jacent  t o  t h e  QCM i n  F i g ,  4. 

g. s o l a r  c e l l s  t o  mon i to r  degradat ion r e s u l t i n g  f rom t h e i r  

exposure t o  the  plume. Ten s o l a r  c e l l s  mounted i n  a c i r c u l a r  p a t t e r n  

a re  loca ted  a t  the r i g h t  edge o f  F ig .  3 .  

The pr imary  emphasis o f  Phase I I  w i l l  be o b j e c t i v e  3, c h a r a c t e r i z i n g  

the t h r u s t e r  by measuring species c o n c e n t r a t i o n  and temperature p r o f i  l e s  

a t  the  nozz le  e x i t  p lane.  Planned d i a g n o s t i c s  i n c l u d e  e l e c t r o n  beam 

f luorescence w i t h  an i n t e n s i f i e d  v i d i c o n  system f o r  measuring concentra- 

t i o n  and temperature p r o f i l e s ,  a mass spectrometer on t h e  plume c e n t e r l i n e  

t o  i d e n t i f y  exhaust species,  l a s e r  s c a t t e r i n g  t o  v e r i f y  the  absence o f  

d r o p l e t s  i n  the plume as i n d i c a t e d  by the photography i n  Phase I ,  and 

a d d i t i o n a l  QCM measurements. Phase I 1  w i l l  be completed t h i s  f i s c a l  

year  . 
2.5 Test  Summary - Phase I 

I 

The f i v e  engine c o n f i g u r a t i o n s  were f i r e d  o v e r  a wide range o f  

o p e r a t i n g  c o n d i t i o n s  as summarized i n  Tables 2, 3, and 4. Table 3 l i s t s  

b a s e l i n e  o p e r a t i n g  c o n d i t i o n s  and v a r i a t i o n s .  Cond i t ions  were chosen 

t o  reveal  any e f f e c t s  these v a r i a b l e s  might have on t h e  mass f l u x  d i s t r i -  

b u t i o n  o r  hard contaminant l e v e l s  i n  the plume. Var ied  parameters inc luded 1 

o x i d i z e r  t o  f u e l  r a t i o  (O/F), du ty  c y c l e  ( 6  ) ,  combustion chamber 
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TABLE 3 

Variable 
Pa ram eter 

OPERATING CONDITIONS 

Var i a ti o n  s with 
Baseline 

Condit ions Under li ned 

OxidizerlFuel ( O F )  

Duty Cycle (61, % 

Comb. Chamber Pressure (Pc), psia 

Pulse Length (fp), msec 

QCM Temperature (Tx), O K  

1.4, - 1.6, 1.8 

- 1, 2, 5, 10, Cont inuous 

75, - 100, 125 

25, 50, - 100, 200, 1000 

- 25, 40, 75, 140, >180 - 
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pressure (P ) ,  and p u l s e  length  ( t  ) .  As i n d i c a t e d  i n  Table 4 ,  
C P 

c o n f i g u r a t i o n s  A, BL ( b a s e l i n e ) ,  and B were t e s t e d  most thoroughly .  

Table 5 summarizes t h e  measurements performed on each engine con- 

f i g u r a t i o n .  The QCM da ta  i s  complete f o r  a l l  c o n f i g u r a t i o n s ,  b u t  some- 

what l i m i t e d  on C and A.  Coverage by t h e  i n  s i t u  I R  t ransmiss ion  and 

l a s e r  i n t e r f e r e n c e   measurement^^^ was a l s o  thorough. 

t ransmiss ion  measurements were n o t  at tempted on c o n f i g u r a t i o n s  C and 

A because o f  in tense i n t e r e s t  i n  chamber and engine checkout a t  t h a t  

p o i n t  i n  t ime.  Photography was done w i t h  a motor ized  35 mm camera 

t r i g g e r e d  by the  f i r i n g  sequencer through a microprocessor .  Exposures 

were programmed t o  capture  var ious  p o r t i o n s  o f  the f i r i n g  pulse.  The 

Ex tens ive  I R  

e l e c t r o n  beam f luorescence species d e n s i t y  measurement was l i m i t e d  t o  a 

p r o o f - o f - p  r i  n c i  p l e  a t  tempt i n  a n t  i c i  p a t  i on o f  extens i ve app 1 i c a t  i on i n 

Phase I I ;  i t  was success fu l .  As discussed e a r l i e r  t h e  mass spectrometer 

was used i n  Phase I p r i m a r i l y  f o r  assessing chamber performance. I t  was 

n o t  f a s t  enough t o  o b t a i n  a complete scan over  t h e  mass number range o f  

i n t e r e s t  d u r i n g  a s i n g l e  pu lse  f i r i n g .  Never the less some i n t e r e s t i n g  

p a r t i a l  scans were obta ined,  and extensive. use o f  a mass spect rometer  

t a i l o r e d  for  t h e  plume measurement i s  planned i n  Phase I I .  Again the 

reader i s  r e f e r r e d  t o  the  p r o j e c t  t e c h n i c a l  r e p o r t ,  t o  be pub l ished,  f o r  

complete r e s u l t s  o f  a l l  t h e  measurements. 

3.0 QUARTZ CRYSTAL M I CROBALANCES 

I n  t h e  p l a n n i n g  s tage o f  t h i s  program, the i n t e n t  was t o  use t h e  

QCM design which had performed s u c c e s s f u l l y  i n  the J e t  Propu ls ion  Laboratory  

(JPL) Mo ls ink  chamber f o r  the  monopropel lant  t h r u s t e r  contaminat ion 

s tudy  . A f t e r  the JPL designs were reviewed, i t  was e v i d e n t  t h a t  9, 10, 18 
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TABLE 5 
SUMMARY OF MEASUREMENTS (PHASE I) 

Measurement 

QCMs at Crystal 25 
Temperature (OK)  40 

75 
1 00 
140 
180 

- > 200 
Condensed Phase In  Situ 
- I R  Transmission for 

0 Identif ication of Species Collected 
by QCMs at Same Temperature 

0 Optical Constants (n, k )  
- Laser Interference for 

0 Cryodeposi t Thick ness 
e Cryodeposit Density 
e Index of Refraction at 0.6328 urn 

I R  Spectra of Gas Phase Dur ing  
Chamber Warm-up 
E - B ea m F I u or es c e n ce 

Flow Visualization 
0 Species Density (demo) 

- Photography 
9TR Spectroscopy 
Witness Plates 
Solar Cell Dearadation 
Vass S pectr o s c o ~ y  

Engine Configuration 

- 

X 
X 
X 

- 
X 

X - 

- 

X 
X 
X - 

X 

- 
X 

X 
X 
- 

BL 
X 

X 

X 
X 
X 
X 
X 

X 

X 

X 
X 
X 

X 

B 
X 

X 
X 
X 
X 
X 
X - 

X 

X 
X 
X 
X 
- 

x I x  

x I x  

- 
D - 
X 

X 
X 

X 

- 

X 

X 

X 
X - 
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e x t e n s i v e  m o d i f i c a t i o n s  would be necessary t o  adapt t h e  " low temperature' '  

u n i t s  which had been used t o  measure " f a r  f i e l d "  contaminat ion.  To 

meet t h e  requirements of t h i s  s tudy  a d d i t i o n a l  QCMs o f  the " v a r i a b l e  

temperature' '  des ign used by JPL t o  measure the  mass f l u x  w i t h i n  30 deg 

o f  p 1 ume c e n t e r  1 i ne were needed. 

3.1 QCM Design 

To determine the  necessary design changes, one o f  the  JPL v a r i a b l e  

temperature QCMs was operated i n  a smal l  c ryogen ic  vacuum chamber. In  

the present  AEDC v e r s i o n  (F ig .  6 )  t h e  e l e c t r o n i c s  package was i n s u l a t e d  

f rom t h e  mount ing and independent ly temperature c o n t r o l l e d  a t  near  room 

temperature.  The c r y s t a l  was mounted on a temperature c o n t r o l l e d  heat 

s i n k  connected t o  the  QCM mount ing b l o c k  by a thermal conductor s i z e d  t o  

a l l o w  a 20°K t o  300°K temperature c y c l i n g  i n  one hour w i t h  a h e a t e r  power 

o f  1OW. Wi th  these two m o d i f i c a t i o n s ,  the  QCM c o u l d  be clamped t o  a 

cons tan t  low temperature heat s i n k ,  t h e  c r y s t a l  temperature c o n t r o  l e d  

anywhere between the  heat  s i n k  temperature and 300°K, and t h e  o s c i  l a t o r  

e l e c t  ron i cs main t a  i ned a t  room temperature.  

C r y s t a l s  f rom some o r i g i n a l  JPL u n i t s  were used, and a d d i t i o n a l  

c r y s t a l s  were purchased f rom the  same vendor.  Three o f  the  c r y s t a l s  

were c u t  a t  39'49' f o r  a l o w  temperature c o e f f i c i e n t  i n  the 77 K range 

w h i l e  the  remaining n i n e  were c u t  a t  40°28' f o r  t h e  range l e s s  than 40°K. 

The o s c i l l a t o r  and mixer  c i r c u i t  was m o d i f i e d  o n l y  by adding an 

o u t p u t  s tage w i t h  a ga in  o f  ten t o  improve t h e  S/N when t h e  QCMs a r e  

operated on long cables.  

0 

A f i e l d - o f - v i e w  ( f o v )  l i m i t i n g  a p e r t u r e  (see Figs.  4 and 6) was 

added t o  t h e  cover p l a t e  on a l l  QCMs, except  one, t o  reduce t h e  f i e l d -  

o f - v i e w  t o  approx imate ly  - s t e r  (48' f u l l  angle)  , and thereby to  reduce 2Tr 
12 
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the  molecu la r  f l u x  reaching the  c r y s t a l  f rom d i r e c t i o n s  o t h e r  than 

the  nozz le.  

f rom plume c e n t e r l i n e  ad jacent  t o  the cooled germanium s u b s t r a t e  

and used i n  c o n j u n c t i o n  w i t h  the I R  t ransmiss ion  measurements. 

The QCM w i t h o u t  a f o v  l i m i t i n g  tube was l o c a t e d  a t  90' 

C r y s t a l  temperature was taken to  be t h a t  measured by a thermocouple 

imbedded i n  t h e  heat s i n k  t o  which the c r y s t a l  was mounted (F ig.  6 ) .  

The temperature o f  the QCM surroundings was less  than 80 K ,  e x c l u d i n g  

the t h r u s t e r  nozz le  d i r e c t l y  i n  the f i e l d - o f - v i e w ,  and as a r e s u l t  o f  

r a d i a t i o n  exchange between the  QCM and i t s  surroundings,  the c r y s t a l  

temperature was c a l c u l a t e d  t o  be w i t h i n  O. l°K o f  t h e  heat  s i n k  

temperature i n  the w o r s t  case. 

3.2 QCM Operat ion 

0 

Eleven QCMs were i n s t a l l e d  i n  t h e  chamber by c lamping them t o  a 

s t a i n l e s s  s t e e l  c ryogen ic  l i n e  a t  v a r i o u s  l o c a t i o n s  (see F igs.  3 ,  4, 

and 5 and Table 6)  t o  achieve t h e  d e s i r e d  angles between the  plume 

c e n t e r l i n e  and t h e  QCMs. With two except ions,  t h e  QCMs were always 

p o i n t e d  a t  t h e  nozz le;  QCM No. 1 ($ = 118O) was p o i n t e d  downstream 

p a r a l l e l  t o  t h e  plume c e n t e r l i n e ,  and QCM No. 9 ( 0  = 62') was p o i n t e d  

downstream toward t h e  c e n t e r  o f  the  LN2 s h i e l d  (Fig. 1 ) .  

these QCMs had a geometr ica l  v iew of  t h e  nozz le,  the  purpose b e i n g  to  

measure backscat te red  f l u x  d u r i n g  f i r i n g  f r o m  d i r e c t i o n s  o t h e r  than the  

nozz le  or antechamber door and t o  determine i f  s i g n i f i c a n t  back s c a t t e r i n g  

f rom t h e  plume and the cryopanels occurred.  

N e i t h e r  o f  

The cryogen 1 i n e  t o  which the QCMs were clamped was cooled w i t h  

nominal 20°K GHe, a l l o w i n g  t h e  QCM c r y s t a l  temperatures t o  be c o n t r o l l e d  

f rom 25'K t o  300°K. 

chosen i n  o r d e r  t o  s e l e c t i v e l y  c o l l e c t  p a r t i c u l a r  plume species ( r e f e r  

Several  o p e r a t i n g  temperatures above 25OK were 
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t o  Tables 7 and 8 ) .  Data were recorded a t  the  h i g h e s t  temperature f i r s t  

t o  a v o i d  evapora t ion  o f  p r e v i o u s l y  condensed species,  and thereby t o  

shor ten the  measurement sequence. 

When a l l  o f  the  QCM c r y s t a l s  had s t a b i l i z e d  a t  the d e s i r e d  temperature,  

a s e t  o f  QCM f requencies and temperatures was recorded; t h i s  was u s u a l l y  

about t e n  minutes p r i o r  t o  t h e  beg inn ing  o f  a sequence o f  engine f i r i n g s .  

A second s e t  was recorded j u s t  p r i o r  to  the  engine f i r i n g  and a t h i r d  s e t  

j u s t  a f t e r  the  f i r i n g  sequence. I f  the da ta  se ts  a r e  des ignated 1 ,  2, and 

3 ,  r e s p e c t i v e l y ,  the measured mass f l u x  I i s  

2 
d i  KR A f  gm/sec-ster 
dQ N t  ’ 

1 = - =  

P 

where h = mass f l u x  c o l l e c t e d  by QCM, gm/sec 

Q = s o l i d  angle subtended by t h e  QCM fov ,  s t e r  

K = QCM c a l i b r a t i o n  constantg = 1.77 x 10 

R = d i s t a n c e  from n o z z l e  e x i t  t o  QCM c r y s t a l ,  cm 

-8 2 
gm/cm - Hz 

t 3  - t 2  

t 2  - t l  
A f  = ( f 3  - f 2 )  - ( f 2  - fl) 9 Hz 

N = number o f  engine f i r i n g  pulses 

t = pu lse  length ,  sec 

ti = t ime a t  which da ta  were recorded, sec 

P 

Dur ing t h e  f i r i n g  sequence, QCM f requencies were moni tored w i t h  a 

f requency- to-vo l  tage conver te r  and a s t r i p  c h a r t  recorder .  Those QCMs 

which c o u l d  accumulate s u f f i c i e n t  mass d u r i n g  the sequence t o  s a t u r a t e  

the  c r y s t a l  and s top  o s c i  1 l a t i o n  were sampled f i r s t  on the  recorder  so 

t h e i r  da ta  would n o t  be l o s t .  Data c o n s i s t e d  o f  thermocouple v o l t a g e s ,  
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QCM o u t p u t  f requencies,  sample number, sample t ime, and engine f i  r i n g  

p a r t i c u l a r s  such as p u l s e  length ,  d u t y  c y c l e ,  number o f  pu lses i n  the 

sequence, combustion chamber pressure,  and O/F r a t i o .  When one o r  more 

QCMs stopped o s c i l l a t i n g  due t o  mass s a t u r a t i o n ,  n o r m a l l y  a t  f requenc ies  

between 50 and 100 kHz, t h e  c r y s t a l s  were heated t o  300°K, and the 

f requencies were moni tored u n t i l  no f u r t h e r  monotonic f requency change 

was e v i d e n t .  Th is  process of c l e a n i n g  t h e  QCM c r y s t a l s  r e q u i r e d  a 

maximum o f  one hour.  

4.0 RESULTS OF QCM MASS FLUX MEASUREMENTS 

In  t h i s  s e c t i o n  r e s u l t s  a r e  presented i n  t h e  form o f  p l o t s  comparing 

the measured mass f l u x  per  u n i t  s o l i d  angle I (gm/sec-ster)  f o r  t h e  

v a r i o u s  engine c o n f i g u r a t i o n s  and o p e r a t i n g  c o n d i t i o n s .  The o x i d i z e r  

t o  f u e l  r a t i o  (O/F),  pu lse  du ty  c y c l e  (6), combustion chamber pressure 

( P  ) ,  f i r i n g  p u l s e  l e n g t h  ( t  ) ,  and QCM c r y s t a l  temperature (Tx) a r e  

s p e c i f i e d  i r r  each case. S ince comparisons by i n s p e c t i o n  o n l y  a r e  o f t e n  

d i f f i c u l t ,  l e a s t  squares exponent ia l  curves have been computed t o  f i t  

a p p r o p r i a t e  s e t s  o f  data.  The slopes and i n t e r c e p t s  ( i n  semi log represen- 

t a t i o n )  for  these e x p o n e n t i a l  curves are  always l i s t e d  f o r  t h e  v a r i e d  

C P 

I 

n o t  always s h a m  i n  o r d e r  t o  a v o i d  

Ins tead a s o - c a l l e d  " re fe rence l i n e "  

mply the  l e a s t  squares exponent ia l  

g u r a t i o n s  a t  b a s e l i n e  o p e r a t i n g  con- 

d i t i o n s  and T = 25'K. As i n d i c a t e d  i n  F ig .  7 t h e  equat ion  f o r  t h e  

re fe rence l i n e  i s  

I = 9.49 e 

X 

-0.07524 (deg) 

parameter, b u t  the f i t t e d  l i n e s  a r e  

confus ion on a l ready  busy f i g u r e s .  

i s  shown on most f i g u r e s ;  t h i s  i s  s 

f i t  t o  t h e  da ta  f o r  a l l  engine conf  

( 3 )  
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I t  serves as a p o i n t  of re fe rence on each f i g u r e  and accentuates the  

e f f e c t  o f  any depar ture f r o m  t h e  b a s e l i n e  o p e r a t i n g  c o n d i t i o n s .  A t  the  

same t i m e  the s l o p e / i n t e r c e p t  values can be used t o  d e t e c t  any sys temat ic  

changes i n  the  measured mass f l u x  r e s u l t i n g  f rom t h e  v a r i e d  parameters. 

A lso  on most f i g u r e s  a few backscat te r  measurements a r e  p l o t t e d .  

These measurements i n d i c a t e  mass f l u x  l e v e l s  c o l l e c t e d  from v iewing  

d i r e c t i o n s  o t h e r  than t h e  nozz le  d u r i n g  engine f i r i n g .  T h i s  f l u x  i s  

a t t r i b u t e d  t o  mo lecu la r  b a c k s c a t t e r i n g  f rom e i t h e r  the  c ryogen ic  

panels or  t h e  plume i t s e l f .  The QCMs making these b a c k s c a t t e r  measure- 

ments were p o i n t e d  downstream toward the f a r  end o f  the  chamber and had 

no d i r e c t  l i n e  o f  s i g h t  t o  the  nozz le.  For ease o f  comparison w i t h  the  

o t h e r  QCM measurements, these backscat te r  da ta  have been p l o t t e d  as 

i f  t h e  QCMs were d i r e c t e d  a t  the nozz le and loca ted  a t  t h e  same R, $ 

coord ina tes  (Table 6 ) ;  i .e . ,  the data i s  d isp layed as mass f l u x  p e r  

u n i t  s o l i d  angle r a t h e r  than mass f l u x  per  u n i t  area. 

This  i s  a l s o  an a p p r o p r i a t e  t ime t o  p o i n t  o u t  t h a t  the QCM l o c a t i o n s  

were staggered w i t h  about h a l f  mounted on each s i d e  o f  the  chamber o r  

nozz le  c e n t e r l i n e ,  y e t  t h e  measured f l u x  values shcw no evidence o f  

asymmetry i n  the plume. Therefore the  nozz le  geometr ica l  a x i s  and t h e  

plume c e n t e r l i n e  are  taken t o  be i d e n t i c a l ,  and a l l  QCM da ta  i s  p l o t t e d  

a t  p o s i t i v e  angles. 

4.1 E f f e c t  o f  Vary ing Engine C o n f i g u r a t i o n s  

Data was ob ta ined on a l l  f i v e  engine c o n f i g u r a t i o n s  o p e r a t i n g  a t  

b a s e l i n e  c o n d i t i o n s  (see Tables 3 and 41, and the r e s u l t s  a r e  p l o t t e d  

i n  F ig .  7. Under these f i r i n g  c o n d i t i o n s  the f i v e  c o n f i g u r a t i o n s  

produced remarkably s i m i l a r  mass f l u x  l e v e l s  and angu lar  d i s t r i b u t i o n s ,  

These combined da ta  for the f i v e  c o n f i g u r a t i o n s ,  l i k e  a l l  t h e  QCM mass 

711 



h -  

L a -  + 
wl 

I -  
0 a z 
€ 1  
m -  
I - 
ai- - 
m -  c 

u 
a 

m O 

‘r 

.- - 
+ -  

3 
L a 

E 
3 -  
LL, 
- 
m -  z: 

Angle f rom P lume Axis, pl(deg) 
Fig. 7 Mass Flux for  Var ious Engine Conf igurat ions at 

Baseline Operating Condit ions 

6 1-2% 

- A T X  25OK 

,10-1 

Estimated PC 100 psi  
Uncertainty tp 100 ms 

Variable Config. Slope lntercepi 

- 1 
cc 

F1 ;\ 
0 A 

n C -0.0829 17.1 
A A -0.0819 16.3 

BL -0.0728 6.32 
- -0.0696 6.65 1; -0.0747 9.22 

“a\ 
&a 

- 
- 

_102 
-0.07520 (deg 1 

A: 
n* 

Aog I9 A 

Q C M l q  0 

- 0 

do f I = 9.49e 
- Least Squares Exponential 
- Fit Reference Line 

_10-3 

\* Backscatter 

0 \ 0 QCM9 

I 

- - 
- 
- 

30 60 90 12 0 150 

7 1.3 



f l u x  measurements obta ined i n  t h i s  program, e x h i b i t  an exponent ia l  

dependence on 0, the  angle from the plume cen te r l i ne .  Near ly a l l  

measured values f a l l  w i t h i n  a f a c t o r  o f  two o f  the exponent ia l  l i n e  

f i t t e d  t o  the combined data po in ts ,  and thereby j u s t i f y  the use o f  

exponent ia l  curve f i t t i n g .  I n  add i t i on  t o  the curve f i t t e d  t o  the  

combined data, slopes and in te rcep ts  are l i s t e d  i n  Fig.  7 f o r  the 

exponent ia l  curves f i t t e d  t o  the data f o r  each engine con f igu ra t i on .  

Although the slopes and in te rcep ts  a re  a l l  very c lose, the manner 

i n  which C and A agree b u t  d i f f e r  from the remaining con f igu ra t i ons  

i s  eye-catching because i t  co r re la tes  w i t h  the chrono log ica l  sequence o f  

r e l o c a t i n g  the QCMs (Table 6 ) .  In  s p i t e  o f  t h i s  observat ion,  the 

general conclusion drawn from Fig.  7 i s  t h a t  these measurements 

reveal  no s i g n i f i c a n t  d i f fe rences  i n  the mass f l u x  d i s t r i b u t i o n s  

f o r  the f i v e  engine 

4.2 E f f e c t  o f  Vary 

Figs. 8, 9 ,  and 

f u e l  r a t i o  - 1.4 t o  

chamber pressure - 

conf igura t ions  tested. 

ng Engine Operating Condit ions 

10 s h w  the r e s u l t s  o f  vary ing  the o x i d i z e r  t o  

1.8 ,  the duty  cyc le  - 1 t o  lo%, and the combust on 

'5  t o  127 p s i a  f o r  the base l ine  engine con f igu ra t i on .  

No pronounced e f f e c t s  on the measured mass flux a r e  apparent, except 

a h i n t  i n  Fig.  10 tha t  the f l u x  a t  the low angles was s l i g h t l y  h igher  

f o r  h igher  P . 
C 

Figs.  l l a  and l l b  i l l u s t r a t e  the e f f e c t  o f  vary ing  the f i r i n g  pulse 

length from 25 msec t o  1 sec ( there  were a l s o  a few 2 sec f i r i n g s )  f o r  

two engine conf igura t ions .  Inspect ion o f  e i t h e r  the 1 i s t e d  s lopes/ 

i n te rcep ts  o r  the p l o t t e d  p o i n t s  reveals a cons is ten t  increase i n  the 

measured mass f l u x  as the pu lse  length  decreased. The increase i s  less 

than a f a c t o r  o f  two b u t  was q u i t e  reproducib le  f o r  a l l  engine conf igura  

t i ons .  The constant slope t e l l s  us the e f f e c t  does n o t  depend on anqle. 
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Moreover, the  change i n  i n t e r c e p t  i s  expected i f  h i g h e r  mass f l u x  

l e v e l s  a re  assoc ia ted  w i t h  engine i g n i t i o n  and shut  down, i n  which case 

the mass f l u x  f rom the t h r u s t e r  depends on the  number o f  pu lses  making 

up the  accumulated f i r i n g  time. 

4.3 QCM Temperature V a r i a t i o n  

Figs. 12a, 12b, and 12c compare the  mass f l u x  c o l l e c t e d  a t  t h e  

var ious  QCM o p e r a t i n g  temperatures. I n  these f i g u r e s  the  f i t t e d  

exponent ia l  l i n e s  a r e  shown e x p l i c i t l y .  The f i t t e d  l i n e  i n t e r c e p t s  

decrease i n  a wel l -behaved and p r e d i c t a b l e  manner as the  c r y s t a l  

temperature ( T  ) increases, s imply  i n d i c a t i n g  t h a t  fewer exhaust 

species were cryopumped a t  the  h i g h e r  temperatures. N o t i c e  t h e  

X 

sharp drop (about t w o  o rders  of magnitude) i n  c o l l e c t e d  mass f l u x  

when the  c r y s t a l  temperature increases from 140 t o  200°K. 

c o l l e c t e d  a t  T > 180°K are  m r e  readi  l y  r e f e r r e d  t o  as contaminants 

i n  the  usual  sense because no major  b i p r o p e l l a n t  combustion products  

The species 

X 

condense a t  such h i g h  temperatures. F ig .  12c conf i rms t h a t  the  products  

c o l l e c t e d  a t  200°K were coming f r o m  t h e  t h r u s t e r  and were n o t  temporar i  l y  

t rapped species which would evaporate i n  t ime. From present  i n d i c a t i o n s  

( I R  spec t ra )  these were n i t r a t e s  and represent  p o t e n t i a l  spacecra f t  

contaminants. Witness p l a t e  samples w i  1 1  be used t o  v e r i f y  t h i s  i d e n t i f i c a t i o n .  

As mentioned e a r l i e r  t h e  i n  s i t u  I R  t ransmiss ion  measurement was 

t 
~ c a r e f u l l y  planned t o  h e l p  determine t h e  QCM o p e r a t i n g  temperatures and 

to  i d e n t i f y  the  I R  a c t i v e  species which were c o l l e c t e d  a t  each temperature.  

The i d e n t i f i e d  exhaust species and t h e  c r y s t a l  temperatures chosen t o  

s e l e c t i v e l y  cryopump t h e  major species a r e  l i s t e d  i n  Table 8; a l s o  t h e  

I tA long w i t h  e q u i l i b r i u m  vapor curves which are  f r e q u e n t l y  n o t  a v a i l a b l e  
f o r  plume species.  
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a t  140°K, H20 + 

s u b t r a c t i n g  and 

QCM a t  t h i s  s e r  

mate mass f r a c t  

p l  ume. 

a v a i l a b l e  equi  1 i b r i u m  vapor pressures22 a r e  given. 

c o n s t i t u e n t s  a r e  considered, Table 8 i n d i c a t e s  t h a t  H20 i s  c o l l e c t e d  

When o n l y  major  

0 C02 a t  7SoK, and H20 + C02 + N2 a t  25  K. 

p r o p e r l y  n o r m a l i z i n g  the mass f l u x  c o l l e c t e d  by each 

es o f  o p e r a t i n g  temperatures, one o b t a i n s  t h e  approx i -  

Then by 

ons o f  major  species found i n  t h e  b i p r o p e l l a n t  exhaust 

The above approach was used to generate the condensed mass f r a c t i o n s  

g iven i n  Table 7 f rom t h e  same data p l o t t e d  i n  Figs. 12a and 12b. O f  

course the va lues l i s t e d  i n  Tab 

condense a t  25'K. From an equi  

engine o p e r a t i n g  c o n d i t i o n s ,  we 

H2 o f  0.231 which conver ts  t o  a 

e 7 do n o t  i n c l u d e  H2 wh ich  does n o t  

i b r i u m  computation f o r  v e r y  s i m i l a r  

ob ta ined a p r e d i c t e d  mole f r a c t i o n  f o r  

mass f r a c t i o n  o f  0.021. Then t h e  

average va lues l i s t e d  i n  Table 7 were renormal ized, assuming t h i s  mass 

f r a c t i o n  o f  u n c o l l e c t e d  H2, t o  g e t  the  measured mass f r a c t i o n s  l i s t e d '  

i n  Table 8. A lso,  i n  Table 8, the  remaining mass f r a c t i o n s  p r e d i c t e d  

by the  e q u i l i b r i u m  computat ion a r e  s h w n  f o r  comparison. A l though the  

measured and p r e d i c t e d  values a t  each QCM temperature do n o t  agree w e l l ,  

t h e r e  i s  general  agreement f o r  t h e  t o t a l  f r a c t i o n s  c o l l e c t e d  above and 

below 75OK, as i n d i c a t e d  by the  braces i n  Table 8. The same "washed-out" 

temperature dependence i s  a l s o  i l l u s t r a t e d  i n  F ig .  12d where r e l a t i v e  

condensed mass f r a c t i o n  versus c r y s t a l  temperature i s  p l o t t e d .  There a r e  

sharp jumps as expected i n  the condensed mass a t  t h e  temperatures where H20 

and N2 condense, b u t  there  a r e  no s i m i l a r  s teps i n  the  da ta  between 60°K 

and 140 K, conspicuously n o t  a t  86OK where C02 should condense. I n  f a c t  

F ig .  12d shows t h a t  C02 and H20 a r e  n o t  w e l l  separated. 

observed smoothing i s  due t o  C02 c r y o s o r p t i o n  by H20 c ryodepos i ts .  

0 

Most l i k e l y  t h i s  
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One f i n a l  observation i s  based on Figs. 12a and 12b. The slopes 

o f  the  f i t t e d  l i n e s  f o r  the mass flux c o l l e c t e d  a t  the in termediate 

c r y s t a l  temperatures, 40°K and 75OK, are cons is ten t l y  lower than those 

f o r  25OK and 140°K. 

c o l l e c t e d  a t  the in termediate temperatures are r e l a t i v e l y  more abundant 

a t  h igher  angles than the N2and H20 co l l ec ted  a t  25'K and 140°K 

respec t ive ly .  The p o i n t  i s  more apparent i n  Table 7 where the condensed 

mass f r a c t i o n s  f o r  the  75 - 140°K range t a i l  up a t  the h igher  angles. 

This e f f e c t  could be expla ined by a higher concentrat ion of C02 i n  the  

boundary layer .  Hopefu l ly  an explanation, o r  a t  l e a s t  some c l a r i f i c a t i o n ,  

w i  11 be provided by nozz le e x i t  plane concentrat ion p r o f i l e s  obta ined i n  

Phase I I .  

4.4 Assessment o f  Results 

4.4.1 Chamber Performance 

This suggests t h a t  the C02 and o the r  species 

As s ta ted  before, the importance o f  a s u f f i c i e n t l y  long mean f r e e  

path to the measurement of mass f l u x  i n  the plume backflow region was 

recognized. A reduced mean f r e e  path r e s u l t i n g  from an increase i n  

vacuum chamber pressure dur ing  a f i r i n g  sequence would i n v a l i d a t e  the 

measurements. To determine the e f f e c t  on the  QCM data, the chamber 

pressure was sys temat ica l l y  increasedby adding helium. The QCM data 

obtained wh i l e  performing t h i s  stepwise increase i n  chamber pressure 

i s  presented i n  Fig. 13 where the tabulated pressures (PHe) take i n t o  

account the gauge fac to rs  f o r  hydrogen and helium. The lowest pressure 

l i s t e d  was the case before the  a d d i t i o n  of helium began, and the res idua l  

gas was assumed t o  be most ly  hydrogen. There was no s i g n i f i c a n t  change 

i n  the  QCM data a f t e r  adding the f i r s t  increment o f  helium. Fur ther  

increases n chamber pressure up t o  8.4 x 10 t o r r ,  a f a c t o r  o f  200 

times the owest pressure, caused o n l y  a f a c t o r  o f  three decrease i n  

-4 
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the c o l l e c t e d  mass f l u x .  F i n a l l y ,  when the chamber pressure was 

increased t o  4.2 x to r r ,  the r e s u l t s  became very e r r a t i c .  For 

comparison, the  t y p i c a l  chamber pressure dur ing  a f i r i n g  sequence was 

3 x t o r r .  Th is  experiment demonstrated t h a t  the cryogenic chamber 

performance was more than adequate and that: the chamber had no measurable 

e f f e c t  on the mass f l u x  measurements. 
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4.4.2 Random and Sys temat i  c E r r o r  

One cha l lenge assoc ia ted  w i t h  t h e  mass f l u x  measurements was t o  

produce repeatab le  c o n d i t i o n s  for  each engine c o n f i g u r a t i o n  such t h a t  

r e s u l t s  migh t  be m e a n i n g f u l l y  compared t o  one another  and t o  theory.  

Such exper imenta l  r e a l  i t i e s  in t roduced severa l  sources o f  e r r o r  i n t o  

the  mass f l u x  measurements. These sources o f  e r r o r  a re  d iscussed below. 

Random e r r o r  can be es t imated  f r o m  t h e  data.  Because t h e r e  were 

i n s u f f i c i e n t  data a t  i d e n t i c a l  t e s t  c o n d i t i o n s  t o  p rov ide  a meaningful  

s t a t i s t i c a l  base, severa l  se ts  o f  da ta  which inc luded v a r i a t i o n s  i n  

t e s t  c o n d i t i o n s  t h a t  d i d  n o t  s t r o n g l y  a f f e c t  measured r e s u l t s  were 

combined. Measurements on engine c o n f i g u r a t i o n  A a t  s i x  angles f o r  

f i v e  f i r i n g  sequences were analyzed. Tes t  c o n d i t i o n s  w e r e  

0 T = 25 K, tp = 100 msec, O/F = 1.6, 6 = 1 t o  5%, Pc = 75 t o  125 ps ia .  
X 

R e l a t i v e  s tandard d e v i a t i o n  a t  each angle ranged f rom 5.9 t o  10.4%. 

S i m i l a r  data f o r  engine c o n f i g u r a t i o n  B was analyzed w i t h  r e l a t i v e  

s tandard d e v i a t i o n s  rang ing  f rom 4.8 t o  15.1%. Thus, t h e  random e r r o r  

i n  the  QCM measurements i s  es t imated  a t  - + 10%. 

Systemic e r r o r  i n  the  measured values o f  I can be es t imated  by 

d i f f e r e n t i a t i n g  the  f u n c t i o n a l  r e l a t i o n s h i p s  between I and t h e  measured 

parameters. These i n c l u d e  Eq. ( 1 )  and the  exper imenta l  l y  determined 

r e l a t i o n  (Eq .  ( 3 ) .  Q u i t e  genera l  l y  for  the  purpose of  e r r o r  a n a l y s i s  

I = I ( R ,  9, K, A f ,  Tx, a ,  N ,  t O/F, 6 ,  Pc)  (4) P’ 

where a l l  symbols have been d e f i n e d  e a r l i e r .  T r e a t i n g  these measured 

parameters i n  o r d e r :  
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R - d i s t a n c e  f rom nozz le  e x i t  p lane t o  QCM l o c a t i o n  

$ - ang le  f rom plume a x i s  t o  QCM l o c a t i o n  

Using Eq. (3) 

-- ' a' A$ = -0.0752 A$ = -0.15 
I a 4  

K - QCM c a l i b r a t i o n  cons tan t  

Th is  e s t i m a t e  o f  u n c e r t a i n t y  i n  K i s  based on o u r  e f f o r t  

t h e  s e t  o f  QCMs a t  25'K i n  a molecular  beam chamber w i t h  

( 6 )  

t o  c a l i b r a t e  

co2. 

A f  - change i n  QCM frequency d u r i n g  engine f i r i n g  sequence 

Measured f requencies were probably  w i t h i n  1 Hz. However, jumps i n  

c r y s t a l  f requency as condensed mass accumulated cou ld  have caused 

e r r o r s .  Dur ing  i n i t i a l  checkout f requency jumps less  than 200 Hz were 

observed i n  severa l  QCMs. Large jumps o f  severa l  kHz were a l s o  observed 

i n  a few QCMs, b u t  i n  the da ta  r e d u c t i o n  these would have been recognized 

as bad p o i n t s .  

sequence were less  than 200 Hz, jumps u s u a l l y  appeared as ques t ionab le  

or  o b v i o u s l y  bad data;  t h e r e  were n o t  a l a r g e  number o f  these ques t ionab le  

da ta  p o i n t s .  

S ince most f requency changes measured d u r i n g  a f i r i n g  

A t  the  h i g h e r  angles and c r y s t a l  temperatures the measured change 

i n  c r y s t a l  f requency was o n l y  a few h e r t z .  Reso lu t ion  i n  t h e  

measurement of I was determined by a f requency r e s o l u t i o n  of 1 Hz 
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and t h e  f i r i n g  t ime. Therefore,  t h e  n o i s e  e q u i v a l e n t  mass f l u x  

per  u n i t  s o l i d  angle ( N E I )  f o r  a t y p i c a l  10 sec f i r i n g  sequence 

i s  es t imated  t o  be 

2 

N t  
( A f  = = 2.75 x gm/sec-ster N E 1  = 

P 

I n  p r a c t i c e ,  background mass f l ux  prevented t h i s  N E 1  f rom b e i n g  

r e a l i z e d ;  t h e  a c t u a l  N E 1  was c l o s e r  to  1 x 10-5 gm/sec-ster. 

Tx - QCM c r y s t a l  temperature 

Condensed mass depends s t r o n g l y  on c r y s t a l  temperature near those 

temperatures where major species have s u f f i c i e n t l y  h i g h  vapor pressure 

t o  evaporate (see Table 8 ) .  Since these temperatures were avoided, t h e r e  

shou ld  be l i t t l e  e r r o r  assoc ia ted  w i t h  T . The one e x c e p t i o n  was t he  

lowest temperature (25OK) which i s  c lose  t o  the  p o i n t  a t  which N2 

evaporates.  For an es t imated  f r a c t i o n  o f  N n o t  c o l l e c t e d ,  we w i  1 1  use 

t h e  d i f f e r e n c e  between the  p r e d i c t e d  and measured mass f r a c t i o n s  a t  2S°K 

f r o m  Table 8. Thus 

X 

2 

I a 1  AT, - 
I aT, 
-- - -0.16 

s1 - QCM f i e l d - o f - v i e w  

Measured values o f  I depended on the  f o v  t o  some e x t e n t ,  more so a t  

the h i g h e r  angles where the  abso lu te  values approached the  backscat te red  

mass f l u x  l e v e l s .  Dur ing  the f i r i n g  of  engine c o n f i g u r a t i o n s  B and D ,  

QCM No. 9 a t  62' had no f o v  l i m i t i n g  tube, y e t  the measured va lues 

shown i n  F ig .  l l b  were n o t  perceptab ly  g r e a t e r .  Hmever ,  d u r i n g  t h e  

f i r i n g  o f  engine c o n f i g u r a t i o n  BL, when QCM No.  1 (118') and N o .  9 

(62') were p o i n t e d  downstream w i t h  no l i n e  o f  s i g h t  t o  the nozz le,  

they measured 14% and 0.3% r e s p e c t i v e l y  (F ig .  8) o f  the  f l u x  they 
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v i e w i n g  the  nozz 

o b j e c t i v e  was t o  

angles,  the smal 

would have measured i f  p o i n t e d  d i r e c t l y  a t  the nozzle.  Apparent ly  

t h e r e  was f l u x  f rom d i r e c t i o n s  o t h e r  than the nozz le. ,  and a t  l a r g e  

angles the  f l u x  o u t s i d e  the f o v  exceeded t h a t  w i t h i n  the  fov,  when 

e, by a f a c t o r  o f  two. Nevertheless,  s i n c e  the  

measure I w i t h  i d e n t i c a l  f i e l d s - o f - v i e w  a t  a l l  

d i f f e r e n c e s  i n  the f i e l d s - o f - v i e w  o f  t h e  v a r i o u s  

smal l  e r r o r s  i n  p o i n t i n g  d i r e c t i o n  had a n e g l i g i b l e  QCMs and t h e  

e f f e c t  on I. 

t - f i r i n g  pu 
P 

se l e n g t h  

A t  a programmed p u l s e  l e n g t h  o f  25 msec, the  a c t u a l  f i r i n g  t ime 

determined f rom records o f  P was about t w i c e  as long. A t  longer  

programmed p u l s e  lengths ( >  100 msec), the  a c t u a l  f i r i n g  t ime matches 

the  programmed length  more c l o s e l y .  The a c t u a l  f i r i n g  t ime i s  con- 

s idered  a c h a r a c t e r i s t i c  o f  the  engine, and the a p p r o p r i a t e  e r r o r  

i s  assoc ia ted  w i t h  the programmed pu lse  length .  For t = 25 msec and 

A t  = 0.002 msec 

C 

P 

P 

-- I a 1  A t p  - - - 0.002 msec- - 4  -5 
I a t p  50 msec 

P - combustion chamber pressure 
C 

From t h e  measured values the change i n  I was less than 25% f o r  a change 

i n  P f r o m  75 t o  125 p s i a .  For APc = 5 p s i a ,  
C 

I a 1  AP 0.25 x 5 p s i a  = o.025 
I aPc 50 p s i a  c =  -- 
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The es t imated u n c e r t a i n t y  i n  N i s  zero,  and changes on O/F and du ty  c y c l e  

( 6 )  had no s i g n i f i c a n t  e f f e c t  on I. F i n a l l y  then, the  t o t a l  sys temat ic  

e r r o r  i n  the  mass f l u x  measurements i s  ob ta ined by combining t h e  e r r o r s  

o f  unknown s i g n  randomly and e r r o r s  of  known s i g n  a l g e b r a i c a l l y .  

C 
R 9 K t P 

P X 
T 

+i - -  *I - 0.16 - + [(0.05)2 + (0.15)2 + (0.5)2 + (4  x 10-5)2 + (0.025)2] 
I 

Note t h a t  most of  the  sys temat ic  e r r o r  i s  the r e s u l t  o f  u n c e r t a i n t y  i n  the  

QCM c a l i b r a t i o n  constant .  The assigned u n c e r t a i n t y  i n  K i s  based s o l e l y  

on o u r  p a r t i a l l y  completed e f f o r t  t o  c a l i b r a t e  t h e  QCMs a t  25'K. 

n o t  seem reasonable t o  expect  so much u n c e r t a i n t y  i n  K f o r  these QCMs.  

I t  does I 

The random e r r o r  i s  i n s i g n i f i c a n t  compared to  the sys temat ic  e r r o r ,  

so the t o t a l  e r r o r  e s t i m a t e  i s  

f o r  T > 40°K 
x -  + 0.53 

0.16 - + 0.53 fo r  Tx = 25O K 
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4.4.3 Comparison w i t h  A n a l y t i c a l  Pred ic t ions  

As po in ted  out  i n  the i n t roduc t i on  CONTAM does n o t  incorpora te  a 

boundary l aye r  model and, therefore,  does n o t  expand the  f lm f i e l d  

p roper l y  t o  p r e d i c t  mass f l u x  i n  the backflow region. I t  would seem 

then the most wor thwhi le  assessment f o r  us t o  make here i s  t o  compare 

the exper imental  data t o  both an i n v i s c i d  model and a boundary l aye r  

model. Such a comparison could be o f  value i n  p rov id ing  d i r e c t i o n  t o  

upcoming model improvement e f f o r t s ,  For the i n v i s c i d  model p r e d i c t i o n  

i t  i s  convenient t o  use the cosine law approximation 2 3 9  24, 26 to the 

method o f  c h a r a c t e r i s t i c s  (MOC), and f o r  the boundary l aye r  model 

Simons has developed simple closed-form expressions f o r  Boynton's 

numerical treatment25 o f  the supersonic p o r t i o n  o f  the nozz le boundary 

layer .  I t  should be c l e a r l y  understood a t  the ou tse t  t h a t  these are 

on ly  f i  rs t -o rder  est imates f o r  the purpose o f  comparison. 

26 

Boynton's work suggests t h a t  a t  la rge  angles from the  nozz le a x i s  

the plume gas dens i ty  obeys an exponent ia l  decay law. Based on Boynton's 

resu l t s ,  SirnonsZ6 assumed the cosine law i s  v a l i d  f o r  angles less than 

some angle o,, and the exponent ia l  app l ies  f o r  angles grea ter  than bo, 

where 0, i s  the t u r n i n g  angle fo r  the  s t reaml ine a t  the edge o f  the 

boundary layer .  Using t h i s  approach Simons obta ined the f o l  lowing 

a n a l y t i c a l  forms f o r  the gas dens i ty  d i s t r i b u t i o n :  

where y i s  the r a t i o  o f  s p e c i f i c  heats, and i s  the value o f  the 

l i m i t i n g  t u r n i n g  angle f o r  an i n v i s c i d  supersonic flow. 
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i s  
26 

$0 
where 4 and B a r e  func t ions  o f  the nozz le  e x i t  c o n d i t i o n s .  

r e l a t e d  t o  t h e  boundary l a y e r  th ickness  (6,) through 

0 

where Re i s  the  nozz le  e x i t  r a d i u s ,  

For e v a l u a t i n g  Simons' equat ions ,  the a p p r o p r i a t e  parameter values 

f o r  the  5 l b  t h r u s t e r  ( b a s e l i n e  c o n f i g u r a t i o n )  were determined t o  be :  f 

R a t i o  o f  s p e c i f i c  heats,  y = 1.25 

E f f e c t i v e  nozz le  area r a t i o ,  A,/A, = 84 

Exi t  Mach number, Me = 5.2 

combustion chamber pressure,  Pc = 100 p s i a  

Combustion chamber temperature,  T = 2500°K 

Then the numerical  values o f  Simons' parameters a r e :  

C 

0, = 22.06' 

$m = 75.8' 

f(4,) = 0.42 

B = 8.93 

&,/Re = 0.188 

The r e s u l t i n g  mass f l u x  d i s t r i b u t i o n s  p r e d i c t e d  by the i n v i s c i d  and 

boundary l a y e r  models a re  p l o t t e d  i n  F ig .  14 w i t h  the  exper imenta l  data,  

Eq. ( 3 ) ,  f o r  comparison. As expected the  i n v i s c i d  p r e d i c t i o n  f a l l s  o f f  

much t o o  f a s t .  Furthermore, the boundary l a y e r  p r e d i c t i o n  a l s o  decays 

, 
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too rap id l y .  The slope B = 8.93 f o r  the pred ic ted  exponent ia l  curve i s  

a f a c t o r  o f  two h igher  than tha t  f o r  the  data. One poss ib le  source f o r  t h i s  

discrepancy cou ld  be the boundary l aye r  input  cond i t ions  which were taken from 

s imi  l a r  resul  t s 2 4  f o r  i dea l  gases expanding i n t o  vacuum. 

i s  requ i red  i n  order  t o  resolve t h i s  discrepancy and determine i f  the  Simons 

approach i s  adequate f o r  plume backflow charac ter iza t ion .  

Add i t i ona l  ana lys i s  

JPL data” obtained a t  h i g h  angles f o r  N2 expanding through a nozz le  i n t o  

vacuum i s  a l s o  p l o t t e d  i n  Fig.  14. For t h i s  p a r t i c u l a r  case the plenum 

pressure was 104 ps ia.  A t  l a rge  angles the JPL data are considerably  h igher  

than the b i p r o p e l l a n t  engine data. 

One f i n a l  observat ion can be made t o  q u i c k l y  put  these measurements i n t o  

proper perspect ive.  I f  the measured exponent ia l  curve, Eq. (3 ) ,  i s  ex t rapo la ted  

down t o  0 

nozzle, the percentage o f  t o t a l  mass f l u x  from the t h r u s t e r  reaching the  

backflow hemisphere i s  0.5%. The t o t a l  in tegra ted  mass f l u x  i s  3 gm/sec 

compared t o  a p r o p e l l a n t  flow r a t e  o f  5 gm/sec. 

0 
and up t o  180’ and in teg ra ted  over the  e n t i r e  sphere around the 
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5.0 CONCLUS ONS 

1. The cryogenic chamber provided an adequate s imulat ion o f  space operat ing 

cond i t ions  and had no s i g n i f i c a n t  e f f e c t  on the plume f l o w  f i e l d  o r  the 

mass f l u x  c o l l e c t e d  by the QCMs. 

Var ia t i on  o f  engine con f igu ra t i on  had no measureable e f f e c t  on the  mass 

f l u x  d i s t r i b u t i o n .  

Va r ia t i on  o f  engine opera t ing  condi t ions,  w i t h  the  exception o f  pu lse 

length, had no s i g n i f i c a n t  e f f e c t  on the mass f l u x  d i s t r i b u t i o n .  

The QCM data show a smooth exponential mass f l u x  d i s t r i b u t i o n  a t  angles 

greater  than 30 from the plume ax is .  This s t r o n g l y  suggests t h a t  a 

proper treatment o f  the  boundary l aye r  i s  requi red t o  c o r r e c t l y  p r e d i c t  

mass f l u x  i n  the backflow region. 

A t  the h igher  QCM temperatures (greater  than 18OoK) where condensation o f  

major exhaust species i s  no t  expected, approximately 1 - 2% o f  t he  t o t a l  

mass f l u x  was co l l ec ted  throughout the exhaust plume. These cons t i tuents ,  

genera l l y  i d e n t i f i e d  as n i t r a t e s ,  represent p o t e n t i a l  contaminants f o r  

spacecraft s u r f  aces. 

The QCM design mod i f i ca t i ons  ( thermal ly  separated e lec t ron i cs )  permi t ted  

r e l i a b l e  operat ion t o  temperatures as l o w  as 25OK. 

2. 

3. 

4. 
0 

5. 

6. 

7. By f a r  the  la rges t  uncer ta in ty  i n  the QCM data i s  a t t r i b u t e d  t o  

unce r ta in t y  i n  the c a l i b r a t i o n  constant. QCMs must be c a l i b r a t e d  over 

the  e n t i  r e  temperature range o f  operation. F ie ld-of -v iew e f f e c t s  should 

be i nves t i  gated. 
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